INTRODUCTION
Studies have also identified relationships between neighborhood characteristics and pedestrian 1 safety. For example: 2
• More pedestrian crashes tend to occur in urban areas (12, 17) . 3
• Pedestrian crash rates tend to be positively associated with proximity to alcohol sales 4 establishments, bus stops, and median annual neighborhood incomes of less than $25,000 (6).
5
• The presence of schools, parks, and malls are all associated with a greater frequency of pedestrian 6 crashes (18, 19) .
One possible explanation for these influences is that many land use characteristics are related to both 9 pedestrian exposure and human behavior. For example, pedestrian activity levels in cities tend to be 10 higher than rural areas. Locations near alcohol sales establishments may have more pedestrians and 11 drivers consuming alcohol.
12
Certain pedestrian and driver factors are associated with pedestrian crash risk (20, 21) . For 13 example: 14
• Males tend to be involved in more pedestrian crashes than females (21) .
15
• Children are more likely to be involved in crashes after darting into the street (21).
16
• Older pedestrians tend to experience more serious and fatal injury crashes when struck by motor 17 vehicles (21).
18
• Drivers approaching non-signalized crossing locations at higher speeds are less likely to yield to 19 pedestrians in crosswalks (22) . 20
• Studies of pedestrian and driver behavior related to marked crosswalks have found mixed results 21 (23, 24) . 22 23 Many studies have shown that higher motor vehicle and pedestrian volumes are associated with 24 more pedestrian crashes. For example: 25
• Higher traffic volumes are associated with more pedestrian crashes at intersections and at 26 uncontrolled crossings of arterial and collector roadways (6, 9) .
27
• While the total number of pedestrian crashes at a particular location or in a particular community 28 increases as pedestrian volume increases, several studies suggest that this increase tends to be non-linear.
29
All else equal, a location with 100 percent more pedestrians may only have 30 to 60 percent more (rather 30 than 100 percent more) reported crashes or injuries (6, 25, 26) . 31 32 Methodologies for Assessing Pedestrian Crash Risk 33 Researchers have used many different methods to assess pedestrian risk, including crash analysis, 34 behavior analysis, and expert ratings (4, 6) . This section focuses on studies that have used reported crash 35 data.
36
Police crash records have been used to identify intersection design, surrounding neighborhood, 37 and pedestrian and driver factors associated with a higher frequency of pedestrian crashes and injuries 38 (12, 21, 27, 28) . However, many of these crash-based studies do not account for differences in pedestrian 39 exposure at different locations; some only use population data as a proxy for exposure (4) . 40 Another group of studies have used crash data to develop pedestrian crash prediction models (29) . 41 Many of these models are based only on pedestrian and motor vehicle volumes and do not identify other 42 factors associated with pedestrian crash risk (26, 30, 31) .
43
A relatively small number of researchers have accounted for a combination of exposure and other 44 roadway design factors for predicting pedestrian crashes at specific locations (6) . This type of approach 45 is challenging because pedestrian crashes tend to occur relatively infrequently at any particular roadway 46 segment or intersection location (32) . In addition, few agencies have pedestrian counts at specific 47 locations (17) , and there is little information available for extrapolating short counts to annual or multi-48 year time periods, which are needed for comparisons with pedestrian crash data (33) . 49 TRB 2010 Annual Meeting CD-ROM Paper revised from original submittal.
A recent study extrapolated pedestrian volumes from daytime count periods in order to develop a 1 model to predict the annual number of pedestrian crashes at intersections with different traffic volumes 2 and geometric design characteristics (6) . The extrapolation method accounted for some temporal and 3 spatial differences in pedestrian volume patterns. However, better estimates could be obtained if more 4 detailed data about pedestrian activity patterns were available. This would include accounting for 5 weekday and weekend pedestrian activity, seasonal changes in pedestrian volumes, and differences in 6 pedestrian activity patterns near certain land uses (e.g., schools, neighborhood commercial areas). The intersection selection process was designed to capture a range of intersection site characteristics and 23 surrounding neighborhood characteristics (35) . The 81 study intersections were spread throughout the 24 county. The selected intersections included: 25
• 50 intersections with traffic signals and 26 intersections with an uncontrolled mainline roadway 26 (mainline is defined as the roadway with higher automobile traffic volume; cross-street has lower 27 volume).
28
• 64 intersections with four roadway legs (approaches); 17 intersections with three legs.
29
• 42 intersections with marked crosswalks on all sides; seven intersections with no marked 30 crosswalks.
31
• 34 intersections where the mainline roadway had at least five lanes (including right-and left-turn 32 lanes) for pedestrians to cross; 12 intersections where the mainline roadway had only two lanes for 33 pedestrians to cross.
34
• 54 intersections with at least one left-turn-only lane; 27 intersections with at least one right-turn-35 only lane; 25 intersections with no designated turning lanes.
36
• 10 intersections with medians on all roadway legs; 33 intersections with no medians. 37
• 29 intersections with at least one non-residential driveway within 50 feet (15 m).
38
• 35 intersections within 0.25 miles (402 m) of at least one elementary, middle, or high school.
39
• 19 intersections in commercial retail corridors (at least 10 commercial retail properties within 0.1 40 miles (161 m).
41
• 10 intersections in employment centers (at least 2,000 jobs within 0.25 miles (402 m)).
42
• 44 intersections in neighborhoods where the median annual household income was less than 43 $50,000; 13 intersections in neighborhoods with median annual income less than $30,000.
44
• 30 intersections in neighborhoods where more than 25 percent of residents were younger than age 45
18.
46
Definitions of the intersection variables are listed in 
MainlineWidth
Average curb-to-curb length (feet) of the 2 crosswalks across the mainline road 5, 6 MainlineLanes Average number of lanes on mainline approaches to the intersection (including turning lanes) 5, 7 MainlineXW Proportion of crosswalks across the mainline roadway that are marked (2 marked crosswalks = 1.0; 1 marked crosswalk = 0.5) . Volumes at 10 intersections were estimated by interpolating from nearby counts. 4) "T" intersections are 3-way intersections. Intersections were not considered to be "T" intersections if the fourth approach was a commercial driveway. 5) Mainline roadway is the intersecting roadway with the higher traffic volume; cross-street has the lower traffic volume (estimated). 6) Curb-to-curb length is measured as the shortest possible crossing distance within each crosswalk. 7) Average number of lanes on each mainline approach includes all through-, left-, and right-turn lanes. 8) Curb radius category reflects the average estimated curb radius of all corners at the intersection. 9) Total schools does not include colleges. There are not enough intersections near colleges to provide conclusive findings about the relationship between college campuses and pedestrian safety.
10) The number of "bus route stops" is the sum of the number of different bus routes servicing each bus stop within a given distance of the intersection (e.g., if 4 routes service a single bus stop, that particular bus stop will be counted 4 times). 11) Median income is calculated as the weighted average of median incomes reported for the census block groups surrounding the intersection. Weights are assigned based on the proportion of the census block group within the specific buffer diatance from the intersection.
CRASH AND EXPOSURE CHARACTERISTICS INTERSECTION SITE CHARACTERISTICS SURROUNDING LAND USE AND TRANSPORTATION SYSTEM CHARACTERISTICS
TRB 2010 Annual Meeting CD-ROM Paper revised from original submittal.
Pedestrian Volumes 1
The crash risk analysis required an estimate of the total number of pedestrians crossing each intersection 2 during a 10-year period. This pedestrian volume estimate was derived from a combination of manual 3 counts and automated sensor counts. Manual counts were collected during two different two-hour periods 4 at each study intersection during Spring 2008 (50 intersections) and Spring 2009 (31 intersections). One 5 count period was on a weekday afternoon (Tuesday, Wednesday, or Thursday) and one was on a 6
Saturday. Pedestrians were counted each time they crossed a leg of the intersection. This included 7 people crossing within the crosswalk and people crossing the roadway leg up to 50 feet (15 m) from the 8 crosswalk, which corresponded with the proximity measure used to define intersection crashes. A single 9 pedestrian could be counted multiple times if he or she crossed multiple legs of the intersection, since 10 each crossing represented a unique opportunity for conflict with vehicles. For this study, pedestrian 11 volumes at three-leg "T-intersections" only included the number of pedestrians crossing each roadway.
12
The two manual counts were extrapolated to estimate an annual volume at each intersection. 8) Solar radiation measurements from the previous 4 to 10 years at each of the three Alameda County weather stations were used to calculate the expected solar radiation measurement for every hour of the year. The weather condition was determined to be "cloudy" if the ratio of the current measurement was <= 0.6 of the expected solar radiation for that specfic hour. The threshhold was set at 0.6 to match as closely as possible to field data collectors' subjective determinations of when the weather was "cloudy". 
ANALYSIS 1
This section describes how the data were used to identify relationships between pedestrian crash risk and 2 intersection characteristics. The number of reported pedestrian crashes during the 10-year study period was divided by the 10-year 6 pedestrian volume to estimate a pedestrian crash rate at each intersection. For the 36 intersections with 7 reported pedestrian crashes, crash rates ranged from 0.70 crashes to 98 crashes per 10 million crossings. 8
As a preliminary step, the characteristics of the 18 intersections with the highest crash rates (7.2 9 to 98 crashes per 10 million crossings) were compared with the characteristics of the 18 intersections with 10 the lowest crash rates (0.70 to 7.2 crashes per 10 million crossings). Several variables appeared to be 11 associated with higher crash rates. These variables included intersections with three approaches and the 12 number of right-turn-only lanes, number of left-turn-only lanes, number of right-turn islands, and number 13 of approaches with missing sidewalks at the intersection. Other variables appeared to be associated with 14 lower crash rates, including the number of pedestrian crossings at the intersection as well as the total 15 employment, number of commercial properties, number of rail stations, number of bus stops, presence of 16 a freeway, and proportion of households without a motor vehicle near the intersection. 17
However, this preliminary approach to analyzing crash rates did not adequately represent 18
intersections that experienced no pedestrian crashes during the study period. In addition, it did not control 19 for correlation among variables. For example, pedestrian volume was correlated (|ρ| > 0.6) with total 20 employment, number of bus stops, and number of rail stations, which may explain the preliminary 21 association between these variables and lower crash rates. Not accounting for the correlations among 22 variables was also likely to mask the effects of other variables on pedestrian crash risk. A statistical 23 modeling approach helped address these issues. 24 25
Statistical Model of Pedestrian Intersection Crashes 26
The purpose of modeling was to identify intersection characteristics that had a statistically-significant 27 relationship with the occurrence of pedestrian crashes. The total number of crashes reported at each 28 intersection from 1998 to 2007 was the dependent variable used in the modeling process. Since crashes 29 are count data, a Poisson model was considered. Because the statistical distribution of the number of 30 crashes per intersection did not meet the requirement that the mean be roughly equal to the variance, a 31 negative binomial regression model was used to represent the count data. This is a common modeling 32 approach for traffic crashes (6, 37 variables. Several steps were used to narrow the list of variables: 6
• In order to reduce potential bias due to collinearity, pairs of variables with correlations of |ρ| > 0. 6 7 were not included in the same model. The variable that improved the overall model log-likelihood and 8 produced more significant parameter estimates was kept for further testing. 9
• After estimating a model with all remaining variables, the variables with the least statistically-10 significant parameter estimates were removed. Then the model was estimated again.
11
• The variable removal process stopped when all variable parameter estimates had high statistical 12 significance (p < 0.05).
13
• To test for consistency, the process was repeated multiple times by removing variables in a 14 different order.
16
The natural logarithm form of the exposure variables was tested during this process because 17 previous studies have shown a non-linear association between pedestrian and automobile volumes and 18 pedestrian crashes. Comparing the natural logarithm form with the linear form of these exposure 19
variables in different models showed that the natural logarithm form was a better fit for the data. Several 20 interaction variables were also tested, including the product of pedestrian volume and motor vehicle 21 volume, the quotient of crossing width and number of lanes, and the product of no traffic control and 22 marked crosswalks. These variables did not improve the model.
23
One variable not included in the final model was the dummy variable representing three-leg 24
intersections. Since the number of intersection approach legs represents a major design characteristic, 25 additional analyses were conducted to determine if this factor had an influence on pedestrian crashes. A 26 separate set of models were estimated using only the 64 intersections that had four legs, and the preferred 27 model from that set had the same variables and similar coefficients to the model with all 81 intersections. 10) The Pseudo R-Squared is not the same type of measure as the R-Squared statistic used in ordinary least squares regression. Pseudo R-Squared is a ratio of log likelihood values. It does not represent the proportion of variance in pedestrian crashes explained by the predictor variables.
11) The significance of the overdispersion parameter is the result of a likelihood ratio chi-square test that this parameter is equal to zero. Since the test statistic is significant (< 0.05), it is likely that the pedestrian crash data are over-dispersed and is not sufficiently described by the Poisson distribution. This shows that the Negative Binomial distribution is preferred. 
Intersection Characteristics Associated with Pedestrian Crashes 1
The model shows eight characteristics that have a statistically-significant relationship with pedestrian 2 crash propensity at intersections. This section suggests possible reasons for these relationships. 3
Additional field analysis of pedestrian and motorist interactions at each study site could help provide 4 more evidence to support these statistical relationships. 5
• After controlling for other factors, intersections with higher pedestrian volumes and mainline 6 motor vehicle volumes tended to have more pedestrian crashes. 7
• An intersection with 100 percent more pedestrian crossings is expected to have approximately 49 8 percent more crashes (fewer than 100 percent). This finding is similar to previous studies, which suggest 9 that increasing the number of pedestrians crossing an intersection reduces the risk of any individual 10 pedestrian being injured in a crash, independent of all other changes to the local environment (6, 25, 26) . 11
• An intersection with 100 percent more mainline traffic volume is expected to have 183 percent 12 more crashes (more than 100 percent). This indicates a stronger positive relationship between motor 13 vehicle volume and pedestrian crashes than was found in previous studies (38) . One possible explanation 14 for this result may be related to traffic volumes and congestion levels. As traffic volumes increase 15 towards the capacity of a roadway, traffic speeds tend to decrease, which is expected to result in fewer 16 pedestrian crashes. Previous studies may have included a wide range of congestion levels. However, 17 most of the roadways included in this study operated with relatively little congestion at most times of day 18 (only two mainline roadways had more than 9,000 vehicles per lane per day). Under less-congested 19 conditions, the frequency of pedestrian crashes may increase more rapidly as traffic volume increases 20 (39) . This relationship requires further study.
21
• The proportion of mainline and cross-street legs with medians were both negatively associated 22
with pedestrian crashes in all model alternatives. Medians may offer a refuge for pedestrians in the 23 middle of a roadway crossing and may allow pedestrians to concentrate on crossing one direction of 24 traffic at a time.
25
• The number of right-turn only lanes at intersections was positively associated with pedestrian 26
crashes. This may indicate that intersections with right-turn lanes tend to have longer crossing distances 27 and a more complex set of interactions between pedestrians and motorists. It could also indicate a 28 tendency for more right-turn-on-red collisions.
29
• The number of non-residential driveways within 50 feet (15 m) of each intersection was 30 positively associated with pedestrian crashes. This suggests that driveways represent additional conflict 31 points between motor vehicles and pedestrians near the intersection. Drivers may be paying more 32 attention to interactions with other vehicles at the intersection and may not look carefully for pedestrians 33 as they exit driveways across the sidewalk.
34
• The number of commercial retail properties within 0.1 miles (161 m) of the intersection was 35 positively associated with pedestrian crashes. This may suggest that commercial corridors may have 36 particularly risky interactions between vehicles and pedestrians. Drivers may be concentrating on finding 37 parking spaces or looking for particular stores or restaurants, while pedestrians may be crossing streets 38 between cars or outside of crosswalks to take the most direct route to a store entrance or other destination.
39
• The model can be used to understand the relationship between intersection characteristics and 45 pedestrian safety. According to the model equation, as pedestrian volume increases, the expected number 46 of pedestrian crashes increases at a decreasing rate (FIGURE 1A). As pedestrian volume increases, the 47 expected risk of a crash for each individual crossing decreases (FIGURE 1B). Both graphs illustrate that 48 medians can help improve pedestrian safety at intersections. 49 Given that most of the study intersections had fewer than five reported pedestrian crashes in 10 27 years, a single pedestrian crash can make a significant difference in crash risk at a particular location.
28
While this analysis has attempted to use the most accurate crash and exposure data available, it is still 29 subject to this limitation. Future studies can reduce the impact of this type of variation by collecting data 30 at more intersections. A larger intersection sample size could also show that more of the variables 31 considered in this study have a statistically-significant association with pedestrian crashes. 32
Significant effort was made to generate reliable pedestrian exposure data. The 10-year pedestrian 33 volume estimates were extrapolated from two different two-hour counts. While averaging the estimates 34 generated from two manual counts is more reliable than using a single count, these counts are subject to 35 the random variations in pedestrian activity that occur from day-to-day. Five intersections were counted 36 using the same method in both 2008 and 2009. The differences in volumes at these sites between 2008 37 and 2009 ranged from two percent to 33 percent. It is likely that conducting more manual counts at 38 different times and gathering continuous pedestrian counts over multiple years would provide even more 39 accurate exposure data.
40
In addition, pedestrian crossing volumes are only one possible measure of pedestrian exposure to 41 crash risk. While this measure is appropriate for this analysis of intersection crashes, other measures 42 could be tested in future studies. These alternative measures could account for crossing distance, crossing 43 time, and size of pedestrian crossing groups (40) . Further, crash risk could be analyzed using individual 44 crosswalks at each intersection as the unit of analysis. This would require data showing the specific 45 crosswalk leg where each crash occurred. This information was not available for this study.
46
There are potential limitations to the secondary data sources used in this analysis. According to a 47 study of pedestrian crash underreporting at eight hospitals in three states, only 56 percent of pedestrian 48 injuries treated in emergency rooms were matched with a corresponding crash records in state police 49 crash databases (41) . Since emergency rooms tend to treat the most severe injuries, the rate of 1 underreporting may be even greater for less severe pedestrian crashes. 
